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Introduction
Shigella is endemic in many countries and infects over 90 million people worldwide annually [1] causing an estimated 100 000 deaths per year. [2] Like many Gram-negative pathogens such as Pseudomonas, Salmonella, Chlamydia, and Yersinia spp. that cause infectious diseases in humans, Shigella deploys the type III secretion system (T3SS) to inject virulence proteins directly into its host cells to establish infection. [3] The T3SS is essential in the pathogenesis of these pathogens, and defects in the proper assembly of the T3SS render these pathogens non-infective. The structural component of the T3SS is a needle apparatus that functions like a nanoscale injector of bacterial virulence proteins directly into eukaryotic cells.
The T3SS needle apparatus is comprised of a basal body that spans the two bacterial membranes, an extracellular needle, a tip complex, which in Shigella, is formed by the tip protein IpaD (37 kDa), and two membrane proteins IpaB (62 kDa) and IpaC (42 kDa). IpaB and IpaC are membrane proteins that insert into the host cell membrane, forming a translocon pore, to allow the passage of bacterial effector proteins into the host cell. IpaD is expected to form a pentameric ring complex at the tip of the needle and functions as a platform for the assembly of the translocon. [4] IpaD has a dumbbell-like structure with a long central coiled-coil attached to an N-terminal a-helical hairpin domain, and a C-terminal globular domain of mixed a-helices and b-sheets at the other end. [5] Results of mutagenesis showed that the coiled-coil helices are responsible for the proper assembly of the needle apparatus, while the distal domains are involved in signal transduction. [5, 6] The increase in antibiotic resistance among pathogens, including multidrug-resistant strains of Shigella, is a serious public health problem. [7] Therefore, there is a need to identify novel targets for developing new antibiotics. [7b,d, 8] Because the T3SS is essential for virulence, it is an attractive target for developing anti-infectives or drugs that prevent infection but not necessarily destroy pathogens. [9] IpaD in particular is an attractive target for several reasons: 1) it is essential for infectivity [10] 2) it is exposed on the bacterial surface, and 3) it is conserved in other bacteria. Developing new anti-infectives that target IpaD require the identification of small molecules that can bind and inhibit the function of IpaD. There are currently no known small-molecule inhibitors of IpaD or any of its homologs. Further, the only known small molecules that bind to IpaD are sterol-like compounds like bile salts that are present in the digestive tract and trigger the final steps in the assembly of the translocon. [11] We have previously identified smallmolecule scaffolds that bind to the homolog of IpaD in Salmonella, SipD. [12] Nevertheless, despite 56 % sequence similarity between IpaD and SipD, they bind to small molecules differently. Here, we used fragment-based approach by SPR screening to identify four new small-molecule scaffolds that bind to IpaD. Our NMR characterization of the IpaD-small-molecule interaction identified potential hotspots in IpaD for binding a variety of small molecules.
Many pathogens such as Shigella and other bacteria assemble the type III secretion system (T3SS) nanoinjector to inject virulence proteins into their target cells to cause infectious diseases in humans. The rise of drug resistance among pathogens that rely on the T3SS for infectivity, plus the dearth of new antibiotics require alternative strategies in developing new antibiotics. The Shigella T3SS tip protein IpaD is an attractive target for developing anti-infectives because of its essential role in virulence and its exposure on the bacterial surface. Currently, the only known small molecules that bind to IpaD are bile salt sterols. In this study we identified four new small-molecule scaffolds that bind to IpaD, based on the methylquinoline, pyrrolidine-aniline, hydroxyindole, and morpholinoaniline scaffolds. NMR mapping revealed potential hotspots in IpaD for binding small molecules. These scaffolds can be used as building blocks in developing small-molecule inhibitors of IpaD that could lead to new anti-infectives.
Results

SPR screening
Our SPR-based screening of a commercial library of 288 fragments from Zenobia identified four small-molecule scaffolds ( Figure 1 ) that bind to IpaD ( Figure 2 ). These compounds are based on the quinoline [4-amino-2-methylquinoline, compound 1, Figure 1 ], aniline [4-(2-(pyrrolidin-1-yl)ethyl)aniline, compound 2; 4-morpholinoaniline, compound 4], and hydroxyindole [5-hydroxyindole, compound 3] scaffolds. Analogues of these four compounds (1 a-d, 2 a,b, 3 a-c, 4 a,b, Figure 1 ) present in the library that did not bind to IpaD enabled the identification of chemical groups that are important in binding IpaD. In compound 1, the amino and methyl groups are impor-tant for binding IpaD as removal of the amino group (in 1 a and 1 d, Figure 1 ), removal of the methyl group (in 1 c or 1 d), or bromination (in 1 c or 1 d) abolished binding to IpaD. In compound 2, the pyrrolidine group is important for binding, which when substituted by either piperidine, piperazine, or amine group; or altering the spacing between the two rings (in 2 a or 2 b) resulted in loss of binding to IpaD. In compound 3, removal of the hydroxy group (in 3 b) or addition of acetyl (in 3 a) or carboxylic group (in 3 c) abrogated binding to IpaD. Finally, in compound 4, removal of the amine group (in 4 a) and introduction of a hydroxy group (in 4 a) or methylene group in between the two rings (in 4 b) resulted in loss of binding to IpaD. This information is useful in further derivatization of compounds 1, 2, 3, and 4 for optimal binding to IpaD.
STD NMR
We used saturation transfer difference (STD) NMR, [13] to determine how the small molecules interact with the protein. In STD NMR, the proton resonances of the protein are saturated with a selective pulse that is turned on or off, and two spectra are acquired. On the on-resonance spectrum, where the protein is saturated by the selective pulse, magnetization is transferred to the small molecule and detected. The off-resonance spectrum (top panels, Figure 3 ) show the NMR peaks of the small molecule and the protein. The STD spectrum (bottom panels, Figure 3) is the difference between the off-resonance and the on-resonance spectra, and shows protons of the small molecule that are in contact with the protein. Small molecules that do not interact with the protein will not show peaks in the STD spectra. Results of STD NMR showed that all the protons of the four small molecules tested showed STD peaks ( 4 was equally important in binding to IpaD. Overall, the results of STD NMR suggested that the four small molecules were essentially embedded in IpaD.
ILV assignments of IpaD
NMR studies of protein-ligand interaction commonly use 15 Nlabeled proteins. However, results of STD NMR above suggested the importance of hydrophobic interaction of small molecules with IpaD, thus, in the NMR titrations of IpaD, we also used the hydrophobic ILV probes-where specific methyl [5] helped in assigning all the 16 valines and 32 out of 35 leucines in IpaD. 15 N-and ILV-labeled IpaD We used NMR methods to identify which surfaces of IpaD are involved in binding the small molecules. IpaD labeled simultaneously with 15 N and ILV was titrated with increasing concentrations of the compounds 1, 2, 3, or 4; and the titrations were monitored by acquiring 2D 1 H-15 N TROSY and 2D 1 H-13 C HSQC spectra. We used the 111 ILV assignments of IpaD described above in addition to the 201 15 N backbone amides that were previously assigned by others [11b] to determine which residues of IpaD were affected by the small molecules.
NMR titrations of
Titration of IpaD with the compounds (1, 2, 3, 4) showed chemical shift perturbations of both 15 N amide and ILV peaks in a concentration dependent manner as shown in 2D 1 H-15 N TROSY and 2D 1 H-13 C ILV HSQC spectra (Figure 4 , Supporting Information Figures S2, S3 , S4, S5). The IpaD residues that were affected showed significant changes in their peak positions upon titration of increasing amounts of compounds, indicating protein-ligand interaction in fast exchange NMR time scale ( Figure 4 ). Plots of the weighted chemical shift deviations for each of the compound showed which 15 N and ILV peaks were strongly affected relative to the rest of the IpaD residues ( Figure 5 ). Further, mapping the chemical shift deviations ( Figure 5 ) on the surface of the crystal structure of IpaD, identified the binding pockets in IpaD for the small molecules ( Figure 6 ). The results of the ILV titrations complemented and added additional information from the results of the more tra- ditional 15 N-based NMR titrations. For example, when compound 1 binds to IpaD, the most strongly affected 15 N residues are Q148 and Y149 (Figure 5 A) , and for ILV residues, I145 and V152 (Figure 5 B ). All these residues (I145, Q148, Y149, and V152) cluster on the same surface of IpaD (Figure 6 A) , identifying the binding pocket in IpaD for compound 1. The functional groups of compounds 1, 2, 3, and 4, and the IpaD residues affected upon binding suggested that to bind IpaD, the compounds rely on polar contacts mediated by hydrogen bonding and ionic contacts, as well as hydrophobic interaction via aromatic and aliphatic rings present in the functional groups of compounds.
Compound 1 binds in a pocket-herein designated as pocket x-formed at the interface of the mixed a/b domain and the long central coiled-coil ( Figure 6 ). Compound 1 affected residues Y149, I145, and V152 ( Figure 5 ) that form pocket x.
On the other hand, compound 2 binds in a pocket formed by the long central coiled-coil, here referred to as pocket y (Figure 6 B) . The residues most perturbed by compounds 3 and 4 are located at the interface of the hairpin and the coiled-coil, and herein designated as pocket z. Additionally, compounds 3 and 4 showed chemical shift perturbations of residues near binding pockets x and y, suggesting perhaps, nonspecific interactions at other sites. Currently, the only known small molecules that bind to IpaD are bile salts, [11] and the bile salt deoxycholate, a sterol-based scaffold, binds in pocket y based on the co-crystal structure of IpaD-deoxycholate. [11a] Thus, there are hotspots in IpaD for small-molecule scaffolds-pocket x for scaffolds similar to compounds 1 and pocket y for compound 2 and sterols. Pockets x and y are~22 ä apart and close enough that small-molecule binders in both pockets could be linked together in designing the next generation of small-mol- Figure 6 ) were also similar to druggable sites identified by two prediction servers, DoGSiteScorer [14] and PockDrug-Server [15] (Supporting Information Figure S6 ). Likewise, the SwissDock server [16] predicted the docking of compounds 1, 3, and 4 to IpaD (Supporting Information Figure S7 ), in binding the pockets x (for compound 1) and z (for compounds 3 and 4) identified by NMR.
We previously reported that compound 3 (5-hydroxyindole) and compound 4 (4-morpholinoaniline) bind to SipD, the IpaD homologue in Salmonella. [12] IpaD and SipD share 38 % sequence identity and 56 % sequence similarity, as well as structural homology, [5, 17] however they differ in their binding pockets for compounds 3 and 4. Compounds 3 and 4 binds in pocket x in IpaD (Figure 6 C) , however, they bind in SipD in a pocket that is roughly similar to the IpaD pocket y (Figure 6 B) suggesting that surface residues that are not conserved between SipD and IpaD are likely important in forming the pockets for binding small molecules.
Discussion
The rise of antibiotic resistance among bacterial pathogens coupled with the dearth of new antibiotics is a serious public health problem that necessitates the development of novel antibiotics. Because of its critical role in virulence among patho-gens, the T3SS is an attractive target for developing anti-infectives. There is a growing number of small molecules that have been reported to inhibit the T3SS, however, the specific targets within the T3SS for many of those inhibitors remain unknown. [9, 18] Likewise, the number of known small molecules that bind directly to T3SS proteins are limited. [9] Currently, the only known small molecules that interact with IpaD, a protein that plays a critical role in the T3SS and pathogenesis of Shigella, are the bile salt sterols deoxycholate, [11a,b, 19] cholate, chenodeoxycholate, and taurodeoxycholate. [19] We sought to identify small molecules by fragment based approach to increase the known chemical space of IpaD with the long term goal of developing T3SS inhibitors. Fragment based approach is a method that can identify new small-molecule binders without a priori knowledge of their potential binding sites or their mechanism of action on the target protein. We screened a library of 288 drug-like fragments (Zenobia library 2.0) by SPR (Figure 2 ), which identified four compounds (1, 2, 3, and 4; Figure 1 ), that bound to IpaD. The results of SPR were confirmed and further validated by NMR methods to determine how the compounds bound to IpaD (Figure 3 , Figure 4 , Figure 5 ). Our results identified three possible binding pockets as hotspots in IpaD for binding small molecules ( Figure 6 ).
Our NMR results identified three potential binding pockets for various scaffolds, which we have arbitrarily designated herein as pockets x, y, and z ( Figure 6 ). These binding pockets are also used in the protein-protein interactions of IpaD. Previous studies have identified IpaD residues near pocket x to be involved in protein-protein interaction of IpaD with its cognate translocon protein IpaB. [11c, 12, 20] Likewise, previous studies have reported that residues near the IpaD pocket x and pocket y are involved in protein-protein interaction with the needle protein MxiH. [4a, 21] Pocket z has also been shown to be the primary binding site of sterol-like compounds as bile salts, [11b] and binding of bile salts trigger conformational change in IpaD that allows IpaD to interact with IpaB during the assembly of the translocon. [11c] There is a good match between the binding pockets x, y, and z ( Figure 6 ) identified by NMR and the predicted druggable sites identified by the computational prediction servers DoGSiteScorer [14] and PockDrug-Server [15] (Supporting Information Figure S6 ). These computational methods can be used to identify potential druggable sites in other T3SS tip proteins. With respect to docking, SwissDock was able to generate models of compounds 1, 3 and 4 docked to their respective pockets-pocket x for compound 1; and pocket z for compounds 3 and 4, but not for compounds 2 (Figure 6 and Supporting Information Figure S7 ). Future work using NMR data as constraints in computational docking should enable the generation of structural models that will aid in designing the next generation of small molecules that can bind, and potentially, inhibit the function of IpaD.
Enquist et al. [22] reported that a compound, INP1750 (Supporting Information Figure S8 ), inhibits the T3SS of Yersinia pseudotuberculosis and Chlamydia trachomatis. The specific target of INP1750 in type III secretion is unknown. INP1750 is based on the quinolone scaffold and has some similar structural features with compound 1. Our results suggest that INP1750 should be investigated for binding/inhibiting the activity of the tip proteins of Yersinia pseudotuberculosis and Chlamydia trachomatis.
Conclusions
To summarize, we report four new small molecules that bind to IpaD. These molecules are based on the quinoline, pyrrolidine-aniline, hydroxyindole, and morpholinoaniline scaffolds. These scaffolds, together with the bile salt sterols cholate, deoxycholate, taurodeoxycholate, and chenodeoxycholte, are currently the only known small molecules that interact with IpaD. Our NMR mapping identified three binding pockets in IpaD for the four scaffolds, suggesting three potential hotspots in IpaD for binding small molecules. This new knowledge is needed in designing small-molecule inhibitors of IpaD to develop new anti-infectives against drug-resistant bacteria.
Experimental Section
Protein expression and purification: The cloning, expression and purification of recombinant IpaD (residues 38-332 C322S) have been described previously. [20] The plasmid harboring IpaD was transformed into E. coli BL21(DE3) for protein expression. To obtain unlabeled IpaD, 1 L LB was inoculated with 10 mL LB starter culture and cells were grown at 37 8C. Protein expression was induced with 1 mm IPTG at OD 600 of 0.6-0.8 and cell growth was continued overnight at 15 8C before harvest. For NMR studies, IpaD was simultaneously labeled with 15 N and ILV (where the methyl groups of isoleucine, leucine, and valine are 13 C-labeled). Cells were grown in M9 minimal medium supplemented with 1 g Lˇ1 15 N-ammonium chloride (Sigma) at 37 8C. When OD 600 reached ⇡ 0.4, the growth medium was supplemented with 60 mg Lˇ1 2-ketobutyric acid-4-13 C (Sigma #571342) to label the isoleucine Cd1 methyl group and 100 mg Lˇ1 2-keto-3-(methyl-13 C)-butyric-4-13 C acid sodium salt Figure 6 . The chemical shift deviation (Dd) of compounds A) 1, B) 2, C) 3 and D) 4 is shown on the ribbon and surface structures of IpaD, and colored according to the value of (Dd), with the least affected residues colored gray, to the highly affected residues colored red. The binding pockets x, y, and z are indicated. The different parts of IpaD are indicated as hairpin (hp), coiled-coil (cc), the mixed a/b domain (a/b) as well as the amino (N) and the carboxy (C) termini.
(Sigma #571334) to label the leucine Cd and valine Cg geminal methyl groups. Perdeuterated 15 N/ILV-labeled IpaD used for assigning the ILV resonances was obtained by growing cells in M9 minimal media in 1 L of D 2 O and 2 gLˇ1 deuterated [D 7 ]d-glucose-1,2,3,4,5,6,6 (Cambridge Isotope Laboratories #CLM-2062) and 1 g Lˇ1 15 N-ammonium chloride. The ILV precursors were added at OD 600 ⇡ 0.4 as described above. At OD 600 0.6-0.8, protein expression was induced with 1 mm IPTG, and growth temperature was dropped to 15 8C; cells were grown overnight prior to harvest. Recombinant IpaD was purified by nickel affinity chromatography and the His tag was cleaved by digestion with TEV protease as described. [12] Recombinant proteins were concentrated by Amicon Ultra 3 K centrifugal filter (Millipore) and protein concentration was determined by absorbance at 280 nm.
SPR screening: Biacore 3000 Surface Plasmon Resonance (GE Healthcare) was used for SPR screening of 288 fragments of drug like molecules in the Zenobia Fragment Library 2 (Zenobia Therapeutics, San Diego, CA, USA). IpaD was dialyzed in PBS buffer (137 mm NaCl, 2,7 mm KCl, 10 mm Na 2 HPO 4 , 2 mm KH 2 PO 4 , pH 7.4) and immobilized covalently on a CM5 sensor chip (#BR-1003-99 GE healthcare) by standard amine coupling (#BR-1106-33 GE healthcare) technique using 1.05 î PBS as running buffer. The CM5 chip was activated for 7 min with a mixture of N-hydroxysuccinimide (NHS) and 1-ethyl-3-(3 dimethylaminopropyl) carbodiimide (EDC) at 1:1 ratio and 15 mL minˇ1 flow rate at 25 8C. IpaD was diluted to 50 mg mLˇ1 in 10 mm sodium acetate buffer (pH 4.3) and injected for 7 min until a response unit (RU) of 10700 was achieved. The flow cells were later treated with 1 m ethanolamine (pH 8.0) for 7 min to remove unbound protein or unreacted esters of NHS/EDC from the flow cells. Another flow cell in the CM5 chip was kept as reference cell without any immobilized protein. Each fragment in the library as received was reconstituted with 100 mL DMSO to form 100 mm stock solutions, and diluted to a final concentration of 1 mm in 5 % DMSO and 1.05 î PBS buffer. The compounds were injected at a flow rate of 60 mL minˇ1 over the CM5 chip for 60 s and dissociation was allowed for an additional 60 s. Unbound fragments from the flow system was washed with 1:1 DMSO/water, and running buffer was injected in between fragment runs to eliminate carryover effects. The calibration curve for DMSO was obtained by sequentially injecting eight varying concentrations of DMSO (from 4 to 6%) at the beginning and end of the screening at 60 mL minˇ1 flow rate.
Saturation transfer difference (STD) NMR: Saturation transfer difference (STD) NMR data was acquired as previously described [12] using a Bruker Avance 600 MHz NMR spectrometer equipped with a TXI-RT probe, the pulse program stddiffesgp.3, [13a] and processed using Topspin. One-dimensional 1 H STD NMR was obtained at 30 8C from samples containing protein and compound in 1:100 molar ratio (40 mm protein, 4000 mm compound, 10 % D 2 O, 0.4 % [D 6 ]DMSO). The protein selective saturation pulse used was a 50 ms Gaussian, and applied for 2 s. The center of the selective pulse was varied fromˇ0.5 to 0.1 ppm to optimize the STD signals, while the off-resonance center was kept at 40 ppm. Other acquisition parameters were typically 256 scans, 16 ppm 1 H sweep width centered at 4.701 ppm, and 2 s recycle delay. [12] NMR spectroscopy: NMR data was acquired using a Bruker Avance 800 MHz spectrometer equipped with a cryogenic triple resonance probe, processed with NMRPipe [23] and analyzed with NMRView. [24] Two dimensional 1 H-15 N TROSY and 1 H-13 C HSQC spectra were collected at 25 8C using 0.4 mm 15 N/ILV-labeled IpaD in NMR buffer (20 mm NaCl, 20 mm sodium phosphate, pH 6.8 and 10 %D 2 O). The isoleucines in the ILV 2D 1 H-13 C HSQC spectra of IpaD were as-signed by point mutagenesis of isoleucine into leucine. These mutants were individually expressed in M9 media supplemented with 2-ketobutyric acid-4-13 C as described above to label the isoleucine 13 Cd1 methyl group, and acquiring 2D 1 H-13 C HSQC spectra to identify the missing isoleucine 13 Cd1 peak in comparison with wildtype 2D 1 H-13 C HSQC spectra. Completion of the ILV assignments of IpaD was done following the method of Xiao et al. [25] After dialysis in NMR buffer, 500 mL of 0.4 mm perdeuterated 15 N/ILV-labeled IpaD was lyophilized and resuspended in 100 % D 2 O. A 3D 1 H-13 C-13 C HMQC-NOESY-HMQC dataset was acquired using eight scans with 2048 complex points ( 1 H), 80 complex points ( 13 C) and 100 complex points (NOE 13 C) with a 300 ms mixing time and a recycle delay of 2 s. Sweep widths were 10 ppm for 1 H centered at 4.69 ppm and 20 ppm for 13 C centered at 19 ppm. The leucine and valine 13 C methyl peaks were assigned by analysis of the 3D 1 H-13 C-13 C HMQC-NOESY-HMQC dataset with distance information from the crystal structure of IpaD (PDB ID: 2J0O). [5] NMR titrations: For NMR titrations, the small molecules were dissolved in [D 6 ]DMSO (Cambridge Isotope Laboratories, Andover, MA, USA) and titrated into 15 N/ILV-labeled IpaD. Typically, ⇡ 500 mg of stock compounds were obtained from Zenobia, and requisite amounts were dissolved in ⇡ 250 mL 100 % [D 6 ]DMSO to form a 1 to 2 m stock solution, and titrated into 440 mL of 0.2-0.3 mm 15 N/ ILV-labeled IpaD. Five titration points were obtained with increasing molar ratio of compound/protein ranging from 12 for compound 1 to 100 for compound 4. All samples used in the NMR titrations were dissolved in a final buffer condition of 2 % (v/v) [D 6 ]DMSO in NMR buffer. For 15 N-titrations monitored by acquiring 2D 1 H-15 N TROSY spectra, typical acquisition parameters were 16 scans at 30 ppm 15 N sweep width centered at 118 ppm. For ILV-titrations monitored by acquiring 2D 1 H-13 C HSQC spectra, typical acquisition parameters were 32 scans, 18 ppm 13 C sweep width centered at 18 ppm and 10 ppm 1 H sweep width centered at 4.69 ppm. The weighted chemical shift deviation (Dd) were calculated using the equation Dd HN = 1 = 2 [(Dd H ) 2 + (Dd N /5) 2 ] [26] for backbone amides and Dd ILV = 1 = 2 [(Dd H ) 2 + (Dd C /2) 2 ] for ILV.
Druggable sites and molecular docking: The druggable sites in IpaD (PDB ID: 2J0O) [5] were predicted using the servers DoGSi-teScorer [14] and PockDrug-Server. [15] Models of molecular docking of the small molecules to IpaD were generated using the SwissDock server. [16] Abbreviations: CSD, chemical shift deviations; SPR, surface plasmon resonance; STD, saturation transfer difference; T3SS type III secretion system.
